Purpose To examine current evidence of the known effects of advanced paternal age on sperm genetic and epigenetic changes and associated birth defects and diseases in offspring. Methods Review of published PubMed literature. Results Advanced paternal age (> 40 years) is associated with accumulated damage to sperm DNA and mitotic and meiotic quality control mechanisms (mismatch repair) during spermatogenesis. This in turn causes well-delineated abnormalities in sperm chromosomes, both numerical and structural, and increased sperm DNA fragmentation (3%/year of age) and single gene mutations (relative risk, RR 10). An increase in related abnormalities in offspring has also been described, including miscarriage (RR 2) and fetal loss (RR 2). There is also a significant increase in rare, single gene disorders (RR 1.3 to 12) and congenital anomalies (RR 1.2) in offspring. Current research also suggests that autism, schizophrenia, and other forms of Bpsychiatric morbidity^are more likely in offspring (RR 1.5 to 5.7) with advanced paternal age. Genetic defects related to faulty sperm quality control leading to single gene mutations and epigenetic alterations in several genetic pathways have been implicated as root causes. Conclusions Advanced paternal age is associated with increased genetic and epigenetic risk to offspring. However, the precise age at which risk develops and the magnitude of the risk are poorly understood or may have gradual effects. Currently, there are no clinical screenings or diagnostic panels that target disorders associated with advanced paternal age. Concerned couples and care providers should pursue or recommend genetic counseling and prenatal testing regarding specific disorders.
The epidemiology of advanced paternal age
Definition of advanced paternal age
There is no uniformly accepted definition of advanced paternal age. Currently, in the USA, the population mean paternal age is 30.9 years [1] . Guidelines for anonymous donor sperm banking outlined by clinical societies suggest that men who bank sperm be younger than 50 years of age [2, 3] . A current consensus view that is a male aged 40 years or greater at the time of conception is most frequently used to define advanced paternal age [4] .
Paternal age trends
The trend toward older maternal age conceptions in Westernized countries is well described. Paralleling this is a similar aging paternity trend for fathers. According to U.S. National Vital Statistics Reports, the percent change in birth rates over a decade ending in 2013 for paternal age increased by 9% in men 35-39 years old, by 14% in men 40-44 years of age, by 16% in men 45-49 years of age, and by 8% in men 50-54 years of age [5] . Trends in the UK mirror these observations: although fewer than 15% of men fathering children in the UK were above age 35 years in 1970, this increased to 25% in 1993 and up to 40% of fathers in 2003 [4] . Clearly, advanced paternal age has paralleled trends in advanced maternal age in many Western countries over the last several decades.
Changes in testis biology and fertility with age
Several biological changes have been described in the testes as men age. Leydig cells and testosterone production show significant declines in older vs. younger men [6] [7] [8] . Daily sperm production also decreases with age as assessed histologically; however, an age-related decrease in sperm concentration on semen analyses has been more difficult to demonstrate [9, 10] . The effect of paternal age on male fertility is debated. Studies that address this issue are confounded by the variables of female factor (i.e., partner age) and the trend toward decreased coital frequency with age. However, there is reasonable evidence to suggest an increase in time to conception with paternal age [11] .
Changes in sperm genetics with paternal age
Sperm chromosomal abnormalities
Sperm chromosomal abnormalities and genomic instability generally result from meiotic errors that occur during early spermatogenesis and are divided into abnormalities of chromosome number (aneuploidy) and structure (translocations, inversions, duplications) [12, 13] . Advanced paternal age increases the fraction of sperm with sex chromosomal (X,Y) aneuploidy, mainly 47,XXY Klinefelter syndrome and 47,XYY [13] [14] [15] . A pronounced relationship (r = 0.63) has also been demonstrated between paternal age and the frequency of sperm structural chromosomal or complex genomic anomalies [13, 16, 17] . However, there is little evidence that these associations contribute to an increased frequency of offspring with de novo structural chromosomal anomalies [12, 18] . The exceptions observed are the increases in inherited reciprocal translocations and trisomy 21 aneuploidy with paternal age [19] . A potential explanation for age-related chromosomal changes may be that continuing lifelong cell mitotic and meiotic divisions during spermatogenesis place germ cells at higher risk for chromosomal injury, recombination errors, and gene conversions, as cumulative exposure to cell damage and environment toxins increases with age [17, [20] [21] [22] .
Sperm point mutations
A major impact of advanced paternal age on sperm involves single nucleotide changes that include pathogenic mutations in single genes (i.e., substitutions, deletions, insertions, etc.). In the sperm, these defects could stem from copy-errors formed during DNA replication (synthesis), which are then exacerbated by defects in DNA mismatch repair [23] . Frequently, such gene mutations are inherited by offspring, as discussed later [2, 17, 22, 23] . One plausible reason for the high rate of de novo mutations is that the replication machinery is prone to, and has accumulated, de novo spurious errors during 600-1000 mitotic spermatogonial stem cell divisions over 20 ) mutations per nucleotide per division or nearly 7 (range 6-23) alterations per human genome per 1 mitotic division [17, 22, 23] . Therefore, considering that there are 3-4 spermatogenesis cycles per year, a 20-year-old man could acquire up to 21 (range 18-69) de novo mutations per year, subsequently accumulating 420 (range 360-1400) of de novo genomic changes over an ensuing 20-year period [24] . Even if pathogenic changes constitute a small (1-2%) fraction of this mutational load, there could be at least 4-8 novel pathogenic mutations occurring over a 20-year span. This mutational load could also increase with advancing age due to accumulation of errors in aged mismatch repair mechanisms and the synergistic effect of these errors on DNA replication.
There is also reason to believe that the Bcopy-error^hy-pothesis, which invokes an increase in random, de novo, point mutations with advanced paternal age, is insufficient to explain the increased mutation load observed in sperm with paternal age. Intriguingly, evidence now suggests that dozens of de novo heritable mutations in male germ cells may occur non-randomly [25] . Similar to natural selection, certain germ line mutations provide a selective advantage over nonmutated clones, which results in favorable mitotic geometric expansion of mutated clones during spermatogenesis [25, 26] . The selective advantage of non-random mutations has led to the idea that Bselfish genes^(i.e., FGFR3 and genes in tyrosine kinase-RAS-MAPK pathways) are preferentially propagated in early germ cells. This in turn is believed to be the basis for the significantly increased incidence of sentinel diseases and neurodevelopmental disorders in offspring of advanced paternal age fathers [20, [25] [26] [27] [28] [29] (Tables 1 and 2 ).
Sperm epigenetics, methylation, and DNA fragmentation
Several epigenetic alterations in sperm, particularly DNA methylation defects, have recently been correlated with advanced paternal age [78, 79] . Sperm appear to accumulate hundreds of DNA methylation defects with paternal age that are localized to specific genomic sites, such as CpG regions [3, [78] [79] [80] . Importantly, many of these defects are found in regulatory or promoter regions that govern neurological, psychiatric, and behavioral disorders, including schizophrenia, bipolar disease, autism, and mood disorders, conditions known to be increased in offspring of older fathers [3, 78, 80] . A recent genome-wide DNA methylation screen comparing epididymal sperm retrieved from young (3-month-old) and old (12-month-old) mice revealed a significant loss of methylation in regions of transcriptional regulation with age. The offspring of older fathers had reduced exploratory and startle behaviors and revealed similar brain DNA methylation abnormalities as observed in human paternal sperm [79] . Offspring from old fathers also showed dysregulation of developmental genes implicated in autism and schizophrenia [79] . At least in mice, this suggests that aberrant DNA methylation patterns occurring in the sperm of older fathers could explain some of the risks that advanced paternal age brings to bear on offspring.
A recent human study also analyzed age-associated sperm DNA methylation patterns in sperm [78] . In addition to the type and magnitude of DNA methylation changes that occurred, the analysis examined which, if any, specific genomic regions were consistently affected with age. The design of the study is outlined in Fig. 1 . Semen samples from men with known fertility were examined at two points in their lives: when they were Byounger^(mean age 37.7 years) and Bolder^(mean age 50.3 years). Global methylation patterns were determined by pyrosequencing, and high-level CpG array analysis and targeted bisulfite sequencing were also performed. Overall, there was a significant global hypermethylation in sperm with paternal age along with localized regions of hypomethylation, which contrasts sharply with patterns of DNA methylation found in somatic tissues with age (i.e., global hypomethylation and localized hypermethylation) [81] . The authors calculated that the average fractional methylation change in sperm was 0.3% per year in hypermethylated regions and 0.28% in hypomethylated regions, both of which appear much higher than the 0.15% annual change in DNA methylation estimated to occur in somatic cells with age [78] .
Equally or more intriguing were the study findings that consistently linked altered regions of sperm DNA methylation to genes associated with specific diseases (Fig. 1) . Among the 117 genes exhibiting age-associated hyper-or hypomethylation, 3 or more genes were associated with the following diseases: schizophrenia, bipolar disorder, diabetes mellitus, and hypertension. However, only bipolar disorder was more frequently associated with our identified genes (compared to background controls) and schizophrenia trended toward increased frequency in the methylated-associated gene set. This suggests that sperm DNA methylation changes observed with paternal age are not randomly distributed within the genome, but could occur more frequently in neurodevelopmental gene sets. In summary, there is clear evidence of increases in both single gene mutations and DNA methylation changes in sperm with advanced paternal age. However, the exact relationship between paternal age-associated DNA methylation and de novo point mutation changes is unknown. It is theorized that ageassociated alterations in DNA methylation might be (1) independent of single nucleotide variations, (2) a consequence of mutational events, or (3) able to influence mutation rates in certain regions [79] .
Sperm from older men are known to have higher rates of DNA fragmentation, a condition known to be associated with impaired reproductive outcomes [82] . In fact, the effect of age on sperm DNA fragmentation is well modeled and appears to have no age threshold, maintaining a gradual upward trend beginning in the early reproductive years. Sperm DNA fragmentation rates double between 20 and 60 years of age and increase 5-fold in men between 20 and 80 years of age [83] . A relationship between sperm DNA fragmentation and induced point mutations is certainly possible given that postmeiotic spermatogenic cells have impaired DNA repair capabilities with age that could lead to an increased risk of mutation conversion [84] .
Effect of paternal age on offspring

Effects on prenatal outcomes
Advanced paternal age has been correlated with several prenatal outcomes. Two prospective epidemiological studies of women in California (n = 5121) and in the Danish Birth cohort (n = 23,000 women) suggest that the risk of miscarriage, defined as pregnancy loss between 6 and 20 weeks gestation, increases by 27% in fathers > 35 years of age and doubles when fathers over 50 years of age are compared to younger fathers [65, 85] . Both studies controlled for lifestyle issues and maternal confounders. Preterm births, occurring before 32 weeks of gestation, have also been correlated with paternal age in several countries. In Italian and Danish studies of women aged 20-29 years followed over 10-year periods in the 1990s, the odds ratio of preterm birth ranged from 1.7 to 2.1 when fathers older than 45 years of age were compared with younger fathers [85] [86] [87] [88] . However, a contemporary US study of women 20-35 years of age failed to show a similar correlation [85, 87] . Finally, a Danish study on fetal deaths undertaken in 23,831 births compared fetal death rates in couples in whom fathers were > 50 years old (n = 124 births) to those younger and calculated a hazard ratio of 1.88 (CI 0.93, 3.82) for fetal deaths among older fathers [85] . Thus, the preponderance of epidemiological evidence suggests that paternal age influences prenatal outcomes.
Effects on birth defects
Two large, US population-based, retrospective cohort studies have examined the occurrence of 22 birth defects in offspring fathered by men of different ages [3, 57] . A list of included birth defects is provided in Table 2 . Both studies used the US birth registry to assess birth defects. The overall rate of birth defects was estimated at between 1.5-2% in the studies. In addition, 0.5% of all birth defects were attributable to advanced paternal age. More specifically, there was an additional 4% risk of birth defects associated with fathers aged 30-35 years compared to those in their twenties. This risk increased to 15% when fathers aged > 50 years were compared to 20-year-old fathers. Other research have estimated that there is a 20% increased risk of congenital anomalies (n = 86) with older paternal age, with the incidence increasing from 2% at baseline to 2.4% of births [57, 58] . In addition, the shape of the risk curve with paternal age has been postulated to be similar to that observed for aneuploid conceptions with female age [20] . Thus, US population-based data suggests that birth defect rates in offspring correlate with advanced paternal age. There has been speculation about potential genetic mechanisms that could underlie a relationship between paternal age and birth defects in offspring. As reviewed earlier, the relationship between advanced paternal age and sperm chromosomal abnormalities is well defined. Sperm sex chromosomal diploidy (XX, XY, or YY) increases with paternal age and may be linked to Klinefelter syndrome in offspring [15, 16, 89] . Similarly, an increase in chromosome 21 aneuploidy may lead to Down syndrome in offspring [14, 89] . However, with the exception of these two disorders, no consistent patterns of paternal, chromosomallybased birth defects in offspring have been reported. In addition, although sperm chromosomal structural abnormalities increase with male age, this again appears not to be associated with birth defects in offspring [8, 11, 14] . Thus, no consistent correlation has been described between paternal age-related sperm chromosomal genetics and birth defects in offspring.
Importantly, when single gene mutations are examined, there is a strong correlation between paternal age and birth defects in offspring [8, 18, 19] . Classic Bsentinel phenotypesî n offspring are well described and consist of rare but highly penetrant diseases transmitted by point mutations ( Table 1) . Many of these 40 known disorders have associated birth defects or have significant debilitation and the need for lifelong care. These diseases occur approximately 10-fold more frequently in fathers > 50 years old compared to those 20 to 30 years old. Consequently, at least some of the increased risk of birth defects in offspring associated with paternal age can be attributed to single gene mutations.
Effects on adult disease in offspring
There is a large, emerging literature that implicates advanced paternal age as a cause of adult disease in offspring. A genetic mechanism involving the paternal transmission of de novo point mutations has been implicated in disease transmission in many cases [20] . A landmark study by Malaspina et al. Fig. 1 Study of human sperm DNA methylation with age. a Schematic of study design and epigenetic investigations on sperm. The average difference in subject age between sperm samples was 12.6 years. b Schematic of study findings. Among the diseased associations with paternal age-related DNA methylation changes, only bipolar disorder reached statistical significance. Derived from [78] (2001) surmised that increased DNA mutation rates in sperm associated with paternal age may lead to an increase in neurodevelopmental disease in offspring [90] . In a study of the Israeli national psychiatric disease registry of 87,907 births, they observed a 2.96-fold relative risk of schizophrenia among offspring of fathers > 50 years of age compared to those 20-24 years of age. In addition, the relative risk increased almost linearly above a paternal age of 30 years. These findings have subsequently been confirmed in studies of national disease registries in Sweden and the USA [80, 91] .
In what may be a rare collusion of evidence, molecular genetics has validated epidemiological findings on the correlation between paternal age and schizophrenia in offspring. In a rigorous study of 78 Icelandic families that were genetically extremely well characterized, Kong and colleagues compared the whole-genome sequences of trios of a mother, father, and child [23] . Importantly, the children in the trios were diagnosed with either schizophrenia or autism spectrum disorder, but neither disorder was observed in parents. The authors examined de novo mutations in children that were not present in either parent's DNA. They observed that fathers passed on nearly 4-fold as many new mutations to offspring as mothers: on average, 55 vs. 14, a finding consistent with the literature and within the limits of known variability among examined foci [92] . Father's age also accounted for nearly all of the new mutations (97%) in the child's genome, and the number of new mutations passed on rose exponentially with paternal age [23] . The research estimated that a 36-year-old father passes on twice as many mutations to his child as a man 20 years of age, and a 70-year-old man produces eight times as many. Given that most de novo mutations in offspring are neurodevelopmental in nature [90] , it is probable that these mutations account for a large proportion of schizophrenia and autism among children in the study.
In addition to schizophrenia, the risk of other neurodevelopmental diseases in offspring such as autism and psychosis has been studied with respect to paternal age. A recent study by D'Onofrio et al. [80] from the Swedish National Birth Registry examined the entire population of Swedish births (n = 2,615,081) between 1973 and 2010 to assess the link between offspring with autism and father's age at conception. They observed that compared with offspring born to fathers 20-24 years old, offspring of fathers > 45 years old were 3.45-fold (CI 1.6, 4.7) more likely to develop autism, 13.1-fold (CI 6.8, 25.2) more likely to develop attention deficit hyperactivity disorder, and 2.07-fold (CI 1.5, 3.2) more likely to develop psychosis. In summary, evidences from both moleculargenetic and epidemiologic studies support a strong association between advanced paternal age and the occurrence of what is termed Bpsychiatric morbidity^in offspring [80] .
Most of the research describing new mutation rates in offspring with paternal age compares fathers > 45 years of age to those 20-30 years of age and show linear increases that become exponential as paternal age further increases. Based on such modeling, one might anticipate that younger fathers would exhibit the lowest mutation rates and that the mutation rates among young fathers might be similar to that of young mothers. However, recent research suggests that even very young fathers contribute a significant load of point mutations to offspring [92] . In a study of 24,097 parental and validated proband DNA samples from Europe, the Middle East, and Africa, Forster et al. evaluated microsatellite repeats to study new mutation rates between generations. The youngest father in the cohort was 12.1 years old and the oldest was 70.1 years at conception. Even among the youngest cohort of teenage fathers, the relative mutation rates in offspring were observed to be 5-fold higher than those of teenage mothers. Evolutionarily, this suggests that the mutational burden inherited by human offspring is derived mainly from paternal germ cells across the spectrum of parental ages.
Summary
& Advanced paternal age is associated with significantly increased genetic risk to offspring. However, the precise age at which risk develops and the magnitude of the risk are poorly understood or may have complex and/or gradual effects. & Observed increased rates of sperm DNA fragmentation and altered epigenetic profiles of sperm are associated with advanced paternal age. & Increased risk to offspring of fathers with advance paternal age may occur in the form of miscarriage, fetal loss, rare single gene disorders, and congenital anomalies. & Risk rates of autism, schizophrenia, and other forms of Bpsychiatric morbidity^are substantially increased in offspring with advanced paternal age. & Currently, there are no screening or diagnostic panels that target disorders and conditions associated with advanced paternal age. & Concerned couples or care providers should pursue or recommend genetic counseling and prenatal testing regarding specific genetic disorders [1] .
